INTRODUCTION
It is widely accepted that the biological effects of ionizing radiation can be divided into three chronological phases: physical (10 Ϫ15 s), chemical (10 Ϫ6 s) and biological (a few seconds) (1) . Although much research in chargedparticle radiobiology has focused on enzymatic reactions and on the processes for repairing damaged DNA in the biological phase, recent advances in technology have made it possible to access the physical and chemical phases of the reactions. One of these methods is electron spin resonance (ESR), which is a direct procedure for analyzing free 1 Address for correspondence: Department of Neurosurgery, Institute of Clinical Medicine, University of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8575, Japan; e-mail: tsuboi@md.tsukuba.ac.jp. radicals to clarify their contribution to radiation effects in the chemical phase.
Charged particles cause DNA damage in two ways. One is the direct action on DNA in the physical phase. The other is indirect action in the chemical phase, which involves radiolysis of the water surrounding DNA, resulting in radiolytic products such as hydroxyl radicals (
• OH), hydrogen atoms (
• H) and hydrated electrons ( ) (2-4).
Ϫ e aq There are several studies indicating that radical yields decrease markedly when the linear energy transfer (LET) increases (5) (6) (7) (8) . In water radiolysis, the yield of 
OH and
• H decreases while the yield of molecular hydrogen (H 2 ) and hydrogen peroxide (H 2 O 2 ) increases as LET increases. Although this behavior is supposed to be due to the recombination of initially produced radicals (9) (10) (11) , little is known about the effect of LET on radical yields generated in the water surrounding DNA. Therefore, the first aim of this study was to detect and verify the radical yields in cell culture medium irradiated with high-LET charged particles. In addition, we performed quantitative analysis of the yield of
• OH as a function of absorbed dose and LET, which should be a basis for estimating their biological effects on cultured aerobic human cells.
MATERIALS AND METHODS

Chemicals
The spin-trapping agent 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was from Labotec (Tokyo, Japan). Eagle's minimum essential medium (MEM) and penicillin-streptomycin were from Invitrogen Japan (Tokyo). Fetal bovine serum (FBS) was from JRH Biosciences, Inc. Deuterium oxide (D 2 O) and ethanol were from Wako Pure Chemical Industries Ltd. (Osaka, Japan). All chemicals used were of reagent grade.
Sample Preparation
DMPO was dissolved at a final concentration of 200 mM in MEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin. The sample solutions were adjusted to pH 7.3-7.4 because DMPO-OH is unstable under basic or acidic conditions (12) . For the verification of ESR spectra, DMPO was also dissolved at the same concentration in pure water, D 2 O and MEM containing ethanol at different concentrations (0.5 M and 2.0 M). These samples were put into cell suspension containers (inner thickness of 1.0 mm) and were saturated with air at room temperature (approximately 26ЊC) before carbon-ion irradiation. For X irradiation, samples were poured into the petri dishes at room temperature.
Irradiation
Mono peak 290 MeV/nucleon carbon-ion beams were generated at the Heavy Ion Medical Accelerator in Chiba (HIMAC) at the National Institute of Radiological Sciences (NIRS). The depth-dose distribution of the carbon-ion beams was measured with an ionization chamber by changing the thickness of the binary filter composed of Lucite (polymethyl methacrylate). The dose-averaged LET was estimated from the dose distribution of the beam. To adjust the actual LET in the middle of the sample, the appropriate thickness of the binary filters was selected for each irradiation. The exposure dose of the carbon-ion beam at selected LET was determined from the data on the absolute absorbed dose obtained from the dosimetry before the irradiation (13, 14) .
First, for the analysis of dose response, samples in containers were irradiated with 0, 5, 10, 15 and 20 Gy with an LET of 20 keV/m. Next, for the analysis of the effect of the LET, the samples were irradiated with a single dose of 20 Gy with LETs of 20, 40, 60, 80 and 90 keV/m. Two identical samples were irradiated at a dose rate of 9.8-32.0 Gy/min in each experiment. Four experiments were performed to confirm reproducibility. In addition to carbon-ion irradiation, X irradiation was performed at NIRS. An X-ray generator operated at 200 kV and 20 mA and filtered with 0.5 mm aluminum and 0.5 mm copper was used. The samples were irradiated in petri dishes with 0, 5, 10, 15 and 20 Gy at a dose rate of 5.1 Gy/min. Four experiments were performed to confirm reproducibility.
ESR Measurements
Immediately after irradiation, samples were transferred to disposable quartz flat cells (Radical Research, Tokyo) and ESR spectra were measured exactly 10 min after each irradiation. For the measurement of radical yields, a free radical monitor (JES-RFR30, JEOL, Tokyo) was used under the following conditions: magnetic field: 335.5 Ϯ 5.0 mT, power: 4.0 mW, microwave frequency: 9.40 GHz, modulation width: 0.079 mT, modulation frequency: 100 kHz, time constant: 0.30 s, and sweep time: 4.0 min. To obtain the relative signal intensity, the sample peak height was divided by that of the external standard signal of manganese. The hyperfine coupling constants were measured to Ϯ0.01 mT based upon the hyperfine splitting (8.7 mT) of the manganese marker.
RESULTS
Detection and Verification of ESR Spectrum
It was found that ESR spectrum could be obtained from the culture medium containing DMPO exposed to carbonion beams or X rays. An ESR spectrum of spin-trapped radicals observed right after the carbon-ion radiolysis is shown in Fig. 1 . As indicated by the stick diagrams shown in the same figure, this spectrum consists of a mixture of DMPO-OH and DMPO-H adducts. The estimated hyperfine coupling constants for these two adducts are listed in Table  1 . There was no significant difference between the intensities of the ESR signals obtained from culture medium and those from pure water irradiated with carbon-ion beams at the same absorbed dose of 20 Gy (data not shown).
The ESR spectrum displayed in Fig. 2 was obtained from D 2 O solution containing DMPO irradiated with carbon-ion beams. Two spectral components were found, and they were assigned to DMPO-D and DMPO-OD adducts. The estimated hyperfine coupling constants for DMPO-D and DMPO-OD are listed in Table 1 .
The ESR spectra at two different concentrations (0.5 M, 2.0 M) of ethanol in MEM containing DMPO were obtained from carbon-ion radiolysis and are shown in Fig. 3 . Two spectral components originating from DMPO-OH and DMPO-CH(OH)CH 3 adducts were mixed in different ratios in each experiment; as the concentration of ethanol increased, the signal intensity of the DMPO-OH adduct decreased, whereas that of the DMPO-CH(OH)CH 3 adduct increased. The DMPO-H adduct was also obtained with the same intensity at different concentrations of ethanol. The estimated hyperfine coupling constants for DMPO-CH(OH)CH 3 are also listed in Table 1 .
FIG. 3. ESR spectra of DMPO-OH (labeled OH), DMPO-CH(OH)CH
Effect of Absorbed Dose and LET on the Generation of
•
OH
The effect of absorbed dose on the yield of the DMPO-OH adduct generated by carbon-ion beams is shown in Fig.  4 . After carbon-ion irradiation with 20 keV/m, the yield of • OH increased in proportion to the absorbed dose over the range of 0-20 Gy. On the other hand, the dose response for the yield of the DMPO-OH adduct generated by X rays (Fig. 5) shows a slightly convex curve. Compared to the carbon-ion irradiation, in which the dose rates were no less than 9.8 Gy/min, the dose rate of 5.1 Gy/min for X rays is much smaller, making the irradiation periods longer as dose increases. Thus the yield of the DMPO-OH adduct after X irradiation becomes noticeably smaller at higher doses: hence the slightly convex curve. For adjustment, it is conceivable that the yield of DMPO-OH adduct at 20 Gy could be extrapolated from that at 5 Gy, as shown in Fig. 5 .
The effect of LET on the yield of the DMPO-OH adduct at 20 Gy is shown in Fig. 6 . It was shown that the yield of (Fig. 6 ).
FIG. 6. Signal intensity of DMPO-OH, relative to the external standard
MnO, as a function of LET for 290 MeV/nucleon carbon-ion radiolysis (Ⅵ) and for X radiolysis (⅜) at a dose of 20 Gy. Each data point for carbon-ion radiolysis represents the mean Ϯ standard deviation for eight measurements at each LET.
DISCUSSION
It is estimated that
• OH contributes to approximately 70% of the cell killing caused by low-LET X or ␥ irradiation (15, 16) . In water radiolysis, the yield of • OH after ␥ irradiation is reported to be G ϭ 2.8 (radical/100 eV) (17) . In contrast, it is not clear how much
• OH is generated in aqueous solutions after high-LET charged-particle irradiation. Although there are many ESR studies on the detection of • OH as well as • H in aqueous solutions exposed to low-LET X or ␥ rays (18) (19) (20) , this is the first study, to the best of our knowledge, that verifies the generation of • OH and quantifies the radiolytic yields of • OH after high-LET carbon-ion irradiation using the ESR spin-trapping technique with DMPO as the spin-trapping agent.
Verification of
•
OH and
•
H
The studies reported here indicated that the water in MEM was decomposed by carbon-ion beams, and that
•
OH and
• H were trapped by DMPO, because the estimated hyperfine coupling constants of DMPO-OH and DMPO-H adducts (Table 1) were in good agreement with the values in the literature (21) .
To verify the direct formation of
•
OH and
• H, we irradiated the D 2 O solution containing DMPO. Two spectral components corresponding to DMPO-OD and DMPO-D adducts (Fig. 2) were found, and their hyperfine coupling constants (Table 1) were also in good agreement with the values in the literature (21) . The presence of these two adducts indicated that
•
OD and
• D were generated from the radiolysis of D 2 O and were then trapped by DMPO. The hyperfine coupling constants of DMPO-CH(OH)CH 3 obtained in the experiment using ethanol were also in good agreement with the values in the literature (21, 23 
Spin-Trapping of
•
OH and
•
H
There is a discrepancy in spin-trapping efficiency between continuous 60 Co ␥ radiolysis and pulsed electronbeam radiolysis (3, 20) . The ESR spectra recorded under steady-state radiolysis conditions with continuous exposure to 60 Co ␥ rays have shown that 35% of the initially produced • OH reacts with DMPO to yield DMPO-OH (3). In contrast, the time-resolved ESR after electron-pulse radiolysis can provide a precise measurement of spin-trapping efficiency immediately after the formation of radical yields, and it has been shown that 94% of the initial yield of • OH reacts with DMPO by this method (20) . Madden et al. showed that the termination reaction of DMPO-H with coexisting DMPO-OH after ␥ irradiation is responsible for the discrepancy between ␥ radiolysis and electron-pulse radiolysis (17) . In their report, the kinetics of DMPO-OH decay was modeled as two concurrent processes, a pseudo firstorder decay reaction with DMPO-H and a slower secondorder termination reaction after the DMPO-H signal disappeared approximately 10 min after irradiation. From their theory, it can be estimated that the decay of the DMPO-OH signal changes from the rapid pseudo first-order reaction to the slow second-order reaction at about 10 min after carbon-ion irradiation, because the small DMPO-H signal coexists with the DMPO-OH signal in this experiment. As Kalyanaraman et al. have shown in their photolysis experiments with 3,4-dihydroxyphenylalanin and catechol (22) , the second-order termination rate for DMPO-H will be equal to the DMPO-H production rate as the DMPO-H concentration increases, causing the DMPO-H concentration to reach a plateau during the irradiation period, because the rate constant for DMPO-H second-order termination (2k ϭ
) is larger than that of DMPO-OH. Our experiments support this result by showing that the signal intensity of DMPO-H at 10 min after irradiation was almost constant with radiolysis caused by every radiation quality, including X rays and carbon ions at all LETs used in this study (data not shown), indicating that the yield of DMPO-H had reached a plateau by the end of the 20-Gy irradiation. Furthermore, DMPO-H and DMPO-OH show apparent pseudo first-order decay for cross-termination after irradiation because of the greater amount of DMPO-OH at the end of the irradiation. Therefore, it is appropriate to measure the yield of DMPO-OH at 10 min after carbon-ion irradiation to compare the initial yield of • OH. To obtain the accurate yield of
• OH or the G value (radical/100 eV), it is necessary to observe the decay of the DMPO-OH signal continuously to extrapolate the intensity of the DMPO-OH to the initial point.
Effect of LET on the Yield of •
OH
Charged particles have a finite range in water, and they deposit increasing energy along the track just before their end of the range, which is called Bragg-peak ionization. At the same time, the range of the ejected secondary electrons is reduced as the particle energy decreases. For these two reasons, the particle energy is transferred to a very small volume at the end of the track, resulting in the very inhomogeneous deposition of energy in the target material (24, 25) .
In our experiments, it is clear that the samples with a path length of 1 mm do not contain the Bragg peak within the LET range of 20-90 keV/m; therefore, the track-end effects are negligible, and some of the radicals generated within the track interact with each other as they escape from the ion track (reactions 2, 3, 4 and 5).
When water containing DMPO is exposed to low-LET photons, energy is deposited homogeneously (24) , and the generated LaVerne et al. analyzed differential yields of radiolytic products by carbon ions as a function of LET in a very high-LET range (400-1000 keV/m), and they demonstrated that the G value decreased to 4% of that of the fast electron at 1022 keV/m (29) . In contrast, the selected range of LET in this study was 20-90 keV/m to cover the peak of relative biological effectiveness (RBE) of the carbon-ion beams. Our results demonstrated that the yield of DMPO-OH at 90 keV/m was approximately 50% of that of X rays. This value appears to be very close to the extrapolated value estimated from the results of LaVerne et al., and these dose responses in different ranges may be continuous and may combine to yield a smooth curve relating the G value to the LET of carbon ions.
Our results clearly showed that the yield of
• OH that can react with DMPO decreased as LET increased logarithmically, and this phenomenon was proposed to be due to the interaction among the radicals initially generated along the track. It has been thought that the biological effect of high-LET particle irradiation is largely dependent on the direct effect, and the indirect effect caused by radicals has not drawn much attention. Our study could demonstrate that the amounts of
• OH generated by carbon-ion beams with clinically relevant LET were more than half of those generated by photon irradiation. These findings have not been reported previously, and they may be helpful in estimating and predicting the biological or adverse effects of high-LET radiation, especially in the entrance and passing region of carbon-ion beams in clinical practice.
